The opaque-2 locus (o2) in maize regulates the expression of many members of the zein multigene family of storage proteins. cDNA clones for a wild-type allele of the (o2) locus (02) were isolated from a maize endosperm cDNA library and sequenced. We found a 258-nucleotide 5' leader sequence containing three short open reading frames followed by a sequence specifying a protein of 437 amino acids. The presumptive amino acid sequence of the protein (02) specified by the 02 cDNA contains a "leucine-zipper" domain characteristic of some mammalian and fungal transcription activation factors. lacZ-02 fusion constructs, using nearly the entire coding region of 02 or only a fragment specifying the leucinezipper domain, were expressed inEscherichia coli. In an in vitro binding assay, the (3-galactosidase-02 fusion proteins bound to two specific regions on the 5' side of the coding sequence in a zein genomic clone. This suggests that the 02 protein affects iein transcription through direct interaction with one or more zein promoter elements.
(o2) locus (02) were isolated from a maize endosperm cDNA library and sequenced. We found a 258-nucleotide 5' leader sequence containing three short open reading frames followed by a sequence specifying a protein of 437 amino acids. The presumptive amino acid sequence of the protein (02) specified by the 02 cDNA contains a "leucine-zipper" domain characteristic of some mammalian and fungal transcription activation factors. lacZ-02 fusion constructs, using nearly the entire coding region of 02 or only a fragment specifying the leucinezipper domain, were expressed inEscherichia coli. In an in vitro binding assay, the (3-galactosidase-02 fusion proteins bound to two specific regions on the 5' side of the coding sequence in a zein genomic clone. This suggests that the 02 protein affects iein transcription through direct interaction with one or more zein promoter elements.
The opaque-2 mutation conditions a phenotypic change from hard glassy kernels to seeds with a soft powdery endosperm that are opaque to light. This change is correlated with a significant reduction in the zein storage proteins (1, 2) . In mature wild-type kernels, the zeins constitute about 60% ofthe total endosperm protein (1) . Zeins can be separated on SDS/ polyacrylamide gels into several size classes based on their apparent molecular weights. The two major classes ofthe zein family, the 19-and 22-kDa zeins, can be resolved by isoelectric focusing-SDS/gel electrophoresis into [15] [16] [17] [18] [19] [20] [21] [22] polypeptides (3, 4) . This charge heterogeneity reflects polymorphisms within different zein structural genes (5, 6) . The o2 mutation causes a suppression of specific members, most generally of the 22-kDa class (5, 7, 8) , resulting in an overall reduction of 50-70% in zein proteins (1, 2) . This is apparently due to a lower rate of zein transcription, particularly those encoding the 22-kDa class (9) . We would like to understand how the o2 locus differentially promotes the transcription of specific members of a gene family in which synthesis is coordinately regulated (10) . To this end, we isolated a wild-type allele of the o2 locus (02) by transposon tagging (11) . Probes of the gene were used to show the tissue-specific expression of o2 and its independence from two other regulators of zein synthesis, o7 and f12 (11) . The latter results have been confirmed in similar analyses performed by others (12) .
Here we report the isolation and the sequence of a cDNA clone of the o2 locus. § By comparing the deduced 02 protein sequence with, a protein data base, we found that the 02 protein shares sequence similarity with the "leucine-zipper" DNA binding domain characteristic of several mammalian oncogenes and fungal transcription activation factors (13, 14) . By DNA binding studies we demonstrated that the 02 protein or a fragment containing the leucine-zipper domain binds specifically to a genomic zein clone, the target of the o2 regulatory locus.
METHODS cDNA Cloning and Sequencing. Twenty-eight days after pollination, poly(A)+ RNA was prepared from wild-type endosperms of inbred line W22. 02 RNA was enriched by hybrid selection of poly(A)+ RNA by using an 02 DNA restriction fragment that was bound to nitrocellulose as described (15 (20) . This generated a fusion protein containing all but the first 13 amino acids of tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the GenBank data base (accession no. M29411). (11) was used to screen a cDNA library prepared from poly(A)+ RNA of wild-type maize endosperms. To increase the chance of selecting full-length cDNA clones, positive clones were rescreened with another restriction fragment that spans the presumed transcription start of the o2 locus. After this second screen, two clones were selected and designated 02 cDNA 1-4 and 6-1. Both clones contained restriction sites predicted from the restriction map of our 02 genomic clone (11) . Partial sequencing of the 5' ends of both clones showed perfect identity with the corresponding region of the genomic clone (data not shown). This indicated that we had obtained cDNA clones of o2. Both strands of clone 1-4 were sequenced as well as the 5' end of 6-1 (Fig. 1A) . The amino acid sequence deduced from the nucleotide sequence of the transcribed strand included a 258-nucleotide leader sequence with three methionine start codons, each of which is followed shortly by a termination codon; they specify peptides of 3, 21, and 20 amino acid residues, respectively (Fig. LA) (31) .
An initial computer comparison with the Protein Identification Resource (PIR) data base uncovered sequence similarity (Fig. 1B) to the fungal transcription factor GCN4. Subsequent comparisons with related proteins showed sequence similarity with the leucine-zipper DNA binding domains of several mammalian protooncogenes and fungal transcription activation factors including GCN4, Jun, Fos, and C/EBP (CCAAT/enhancer binding protein) (13, 14) .
This eukaryotic DNA binding domain has two motifs: a highly basic region followed closely by a heptameric leucine repeat (13) . The leucine repeat is proposed to function as a dimerization interface, and the antecedent basic regions are envisaged to make direct contact with the DNA (33) (34) (35) . The sequence similarities in 02 extend from amino acid 226 to amino acid 275 (Fig. 1B) . Computer comparisons were conducted against all known published sequences possessing a leucine-zipper motif. Alignment with the analogous segments of GCN4, Fos, and JunB, the three proteins to which 02 is most similar, shows up to 38% identity without the introduction of breaks (Fig. 1B) .
The genetic evidence, along with our observation that 02 contains a leucine-zipper motif, suggests that 02 could activate zein gene transcription by binding to zein gene promoters. Although there may be 15-22 functional zein genes, there are probably well over 100 zein sequences in the maize genome; many of them undoubtedly represent pseudogenes (17, (36) (37) (38) . To increase our chances of obtaining an active zein gene to use in the DNA binding studies, we selected for a zein gene that showed endosperm-specific hypomethylation. In maize, as in other eukaryotes, sites in and around active genes tend to be hypomethylated and, therefore, methyl-sensitive restriction enzymes can be used to selectively clone active genes (39, 40) . By using this strategy, we hybridized the zein cDNA clone B14, specific for the 22-kDa class of zeins (17), with genomic DNA that was digested with methyl-sensitive enzymes. Southern blot analysis identified a 14-kb Xho I restriction fragment that manifested endospermspecific hypomethylation (Fig. 2A) . The 14-kb Xho I restriction fragment was cloned. Southern blot hybridization to restriction fragments of this clone showed that two separate regions hybridized to the B14 zein cDNA probe (data not shown). This suggested the occurrence of a tandem repeat of zein genes. A 4.5-kb BamHI fragment that encompassed one of the regions of hybridization (Fig. 2B) was designated pZ-1B and subcloned for subsequent use in the DNA binding studies. The sequence of a 250-base-pair fragment of pZ-1B (data not shown) was compared to published zein gene sequences and found to be 95% identical to the -280 to -30 promoter region of the zein gene pML1 (41) . This allowed us to orient the zein gene relative to the restriction sites within pZ-1B (Fig. 2B) . The zein gene pML1 specifies a sequence for the 22-kDa class of zein proteins. The DNA sequence homology between pML1 and pZ-1B suggests that pZ-1B is also a (27) e1 (42 polyacrylamide gel (Fig. 3A) . Using antibodies to 13-galactosidase, the fusion protein could be partially purified (Fig. 3A) for use in the DNA binding studies. As shown in Fig.  3B , the 02 protein moiety of the fusion product binds specifically to two Sau3AI restriction fragments of the zein genomic clone as judged by their retention on the immunoprecipitated fusion protein after extensive washing in binding buffer. This binding is mediated by the 02 portion of the fusion protein, as indicated by the fact that 83-galactosidase alone does not condition binding in our in vitro assay. The association of the 02 protein with the zein gene fragments appears to be specific since the f3-galactosidase-02 fusion does not show specific binding to any fragments from the control DNA (Fig. 3B) , whereas two Sau3AI restriction fragments of0.4 and 0.2 kb are retained by the fusion protein when incubated with labeled DNA from the zein clone. When used as hybridization probes, the larger of the two fragments bound by 02 hybridizes to a region of the zein clone that is at least 1.2-kb upstream of the translation start (Fig. 2B) . The smaller fragment hybridizes to (17) , which codes for a 22-kDa zein polypeptide. DNA from endosperm (lanes E) and leaf (lanes L) tissues was digested with the methyl-sensitive restriction enzymes Xho 1, Ava I, and Nru I. Although the bulk of the hybridization is to uncut DNA (highly methylated sequences), some of the zein genes that hybridize to B14 appear to be in regions of DNA that are undermethylated, as indicated by the discrete bands. With Xho I and Ava I, the bands are more pronounced in the lanes containing endosperm DNA (where zeins are expressed) than in leaf DNA. The Xho I fragment (arrow) was cloned. Digestion with HindIIl is included to show that zein genes in endosperm and leaf DNAs have the same genomic organization when cut with a restriction enzyme that is not sensitive to methylation. (B) Restriction map ofpZ-1B, a portion ofthe zein genomic clone from the Xho I fragment described in A. The zein cDNA clone B14 hybridizes to the Hpa I-EcoRI restriction fragment indicated by the hatched box. The arrow below the map denotes the region of homology to the -280 to -30 promoter region of the zein gene pML1 (41) as determined by sequence comparison (data not shown) over a 250-base-pair region beginning near the EcoRl site and extending from 5' to 3' in the direction of the arrow. The solid lines below the map indicate the restriction fragments that hybridize to the larger (fragment 1) and smaller (fragment 2) Sau3AI fragments bound by the /3-galactosidase-02 fusion product (Fig. 3B) . The labels B, E, H, and Hp represent restriction sites for BamHI, EcoRl, HindIl, and Hpa I, respectively. member of this class ofzein genes. Since the molecular genetic evidence has long suggested that o2 regulates the 22-kDa class of zeins, we felt that the pZ-1B zein clone would be appropriate for the DNA binding analyses.
02 was expressed in E. coli by fusing it in-frame to the 3' end of the lacZ gene in plasmid pUR288 (20) . Upon induction with isopropyl 18-D-thiogalactoside the 3-galactosidase-02 fusion protein (predicted molecular weight of >162,000) was detected as the largest stained protein migrating in an SDS/ a region within about 300 nucleotides of the 5' side of the presumed zein coding sequence.
To demonstrate that the binding was specifically mediated by the leucine-zipper domain, a portion of the 02 cDNA containing the sequence for this domain was also subcloned as a fusion to lacZ. The fusion product is visible (Fig. 3A) as a protein migrating with an apparent molecular mass of about 130 kDa. The results with the truncated fusion protein in DNA binding assays are shown in Fig. 3B . As shown in lane 3, only the larger of the Sau3AI fragments of the zein genomic clone shows strong binding. On longer exposure, the smaller fragment becomes clearly visible. Although the reasons for this differential binding are not clear, one possibility is that the large B-galactosidase moiety of the fusion protein introduces steric hindrance that disrupts an otherwise more stable association with the smaller of the two Sau3AI fragments. Alternatively, the ability to stably bind to the smaller fragment may depend on an interaction with another part of 02 that is not present in this fusion construct.
DISCUSSION
cDNA sequence analysis indicates that the o2 regulatory locus encodes a protein of 437 amino acids that contains a leucine-zipper type of DNA binding domain. We have demonstrated that the 02 protein binds to the zein genomic clone pZ-1B through this leucine-zipper motif. Clone pZ-1B has homology with another zein clone, pML1, that specifies a zein polypeptide of the 22-kDa class, the predicted target of 02. The binding is to two separate regions on the 5' side of the zein-coding sequence. The possibility that the two restriction fragments bound by 02 contain a large duplicated region of the zein promoter seems unlikely. In Southern blot analyses, where each fragment was used as a probe for restriction fragments of pZ-1B, each fragment hybridized to distinct regions of the pZ-1B clone, suggesting that there is little homology between the two. We have not yet determined if the two fragments share a common target sequence. That 02 appears to bind two distinct regions of the zein promoter has precedent in mammalian systems. The rat liver DNA binding protein C/EBP, for example, binds to two distinct regions of its target genes (28) .
Our results show that the 02 protein synthesized in E. coli can bind to a zein gene. This indicates that 02 is not dependent an another maize regulatory gene product for DNA binding. Some mammalian proteins that have a leucinezipper DNA binding domain require another protein to bind their target sequence. For instance Fos by itself is incapable of binding to its target sequence yet it does so as a heterodimeric complex with Jun (42, 43) .
The demonstration that the protein product of 02 can bind to upstream regions of a zein gene suggests that the 02 protein regulates zein gene transcription by direct interaction with zein genes and not by the induction of the synthesis of an intermediary regulatory molecule, as has been suggested by others (44, 45) . It is probable that a portion of the 02 protein has a domain important in transcriptional activation. Many eukaryotic transcription factors have acidic stretches of amino acids that are important to their ability to activate transcription (46) . Amino acids 50-71 of 02 contain about one-third negatively charged residues, raising the possibility that this region plays a role in transcriptional activation.
Note Added in Proof. While this paper was in press, a similar 02 cDNA sequence from an A69Y allele was published (47) . Their deduced amino acid sequence differs from ours at the C terminus.
